Recent demand for high-intensity beams of various particles has renewed interest in the investigation of beam current and beam quality limits in linear RF and induction accelerators and beam-transport channels. Previous theoretical work is reviewed, and new work on beam matching and stability is outlined. There is a real need for extending the theory to handle the time evolution of beam emittance; some present work toward this goal is described. The role of physical constraints in channel intensity limitation is emphasized. Work on optimizing channel performance, particularly at low particle velocities, has resulted in major technological advances. The opportunities for combining such channels into arrays are discussed.
Introduction
Beam intensity in a linac is not uniquely limited. "Performance limitations" would be a better title; these depend on the problem definition and the specific constraints under which the problem must be solved.
Either quantity (current) or quality (emittance) of the beam, or a combination of both, can determine the channel or output limitation, which may be reached for physics or engineering reasons. The subject is thus very broad--the view chosen here will concentrate on some of the efforts being made to understand in general how beams behave dynamically in straight channels. The influence of this work on specific machine development programs will be indicated, again in general. Further, although the development and use of analytic and simulation tools form the major theme, detailed formulas are not presented. It would be rather easy to get lost in the intricacies of how a "limit" varies with some parameter. A general discussion that outlines major topics, highlights advances, and refers to specific literature for details is in order here. The approach will be to trace chronologically and interweave a few perspectives through the past three years or so, from background, through evolution, to new work.
Background
At the end of 1977, our knowledge of linear accelerator performance limits was summarized at a Los Alamos workshop' and in a lengthy bibliography.2 We will pick up four threads: matched, or equilibrium distributions; the use of envelope equations; the added constraint of stability requirements; and practical methods for approaching the performance limits.
Matched or Equilibrium Distributions
The shape and density of a completely matched beam particle distribution will repeat exactly after each period of a channel. Maximum performance would be achieved with such a beam; but mismatch, instabilities, random errors, or the effect of constraints can degrade actual performance. Lysenko,3 after carefully considering the plasma properties of linac beams and the theoretical and simulation techniques used in plasma physics, elected to extend the one-degree-of-freedom
Hamiltonian approach of Gluckstern to study how the beam's self-forces, from space-charge, interact with the external channel forces to affect the particle dis by e/a = 0/00 = 0.4. The simulation limit is the saturated output current that results when the input current is increased, holding the input emittance constant, but rematching. (Fig. 3 ). Using simple energy-balance arguments, we showed the requirement Et/E9. = UQ10t = a/b (4) Matching using Eq. (2) requires et/e, = aat/boA. A full linac with constant pt = 0.9 was generated, using an input beam satisfying these conditions simultaneously. The required ct/e, for the parameters chosen was 0.96, and the remarkably small emittance growth shown in Fig. 4 resulted. An et/eg = 1/1.5 using only the matching equations, Eq. (2), resulted in transverse rms emittance growth and longitudinal decrease, whereas an ct/ej = 1.5 showed the opposite effect. We suspect that a simple exponential model 
might account for much of the effect, where the first term models the equipartitioning and the second covers residual growth from other nonlinear resonance or dispersion effects. Gluckstern has derived a model 37 based on coupled motion near a resonance that has this form on the average, with an "inverse mean time" to approach equilibrium given by IIoo (C (t/potat)ly'2 (6) where C1 depends on the form of the particle distribution and the mode number. Numerical integration of Eqs. (2) and (5), given initial conditions and the co laws, models the exponential character quite well. We are considering the addition to Eq. (5) Haber, 19 who raised the current in a cylindrical beam through an instability threshold, allowed the growth to saturate, ramped the current back down, and found the resulting distribution behaved better when reinserted. Most important, we believe we are using all these ideas practically, in the RfQ for example, and can now envision that understanding of this approach can be so applied.
3-D Simulations
How to do 3-D space-charge computations? It turns out that we have a good lead for the two geometries of interest--round pipes and RFQ's. At this conference39
Lysenko will describe algorithms, which appear to be both accurate and computer efficient, although large machines are still obviously required. These subroutines will be embedded in Lysenko's particle-tracing codes and in PARMILA. The method also handles image forces for off-axis beams, another possible problem area in terms of current limits, which are difficult to treat analytically. This progress is truly exciting, for we did not believe six months ago that we might be able to begin true 3-D work so soon.
Other Aspects
Breakthroughs also have been made recently on the stability analysis of long beam bunches in ion induction linacs;40 density waves in finite length bunches appear to be only weakly unstable. Although envelope equations (confined to induction linac practical constraints) are useful, much work remains to be done to understand their limitations. The LBL team is pursuing both analytical and simulation development.
We alluded to neutralization as a method for raising the current limit far beyond the usual space-charge limit. Humphries' Pulselac4' deserves close attention; he has accelerated 3 kA of carbon ions, perhaps 104 times the unneutralized limit, through 5 gaps to 600 keV; and is now building a 16-gap machine designed to take 5 kA of ions, in 50-ns pulses, from 100 keV to 4 MeV.
Another area we haven't touched, although it is related to "adiabatic formation" of distributions, is the transient case. The RFQ buncher never reaches any kind of steady state. As an example of maximum performance from a short linac, Stokes has described42 a 2.4-A deuteron RFQ (per channel) from 0.2-1.0 MeV for fusion heating.
Many experimental programs now are aimed at testing the latest ideas and technical constraints. An electron beam-transport experiment at U. Md.,43 and a Cs+ beam-transport line at LBL44 are being set up to study a wide range of u0 and a in transport systems. Highbrightness and high-current/low-loss accelerator prototypes are being built at Los Alamos.4s ANL will test current limits in Wideroe structures,46 and BNL in MEQALAC 's.3 1 A particularly important constraint is the attainable electric field; at Los Alamos we are pushing our designs toward twice the Kilpatrick limit. '4 Will we ever understand the "limits?" Probably, in the sense that each new machine will press the art; but probably not in detail. We will require complicated techniques of nonlinear dynamics, 47 plasma physics, and turbulence theory48 to help us understand, especially in the problem of beam-loss prediction. At Los Alamos, P. Channell has developed a lengthy and elegant functional theory of emittance growth from mismatches, using the techniques of nonlinear dynamics. The theory starts by describing the matched solution over a structure period. The match is perturbed and the timeevolution of the mismatch is developed to the scale of the plasma period. A result shows that the 3-D and time-dependent parts of the problem wind up in the driving term of a linear fast-term, partial differential equation, which may be worthy of study. The appropriateness of the cold-fluid model on this time scale is shown, and it is seen that coherent plasma oscillations will disappear, with time, in a system of finite resolution; but that the energy from them appears in coarse-grained rms velocity growth. He then expands the fluid-model solution to explore times out to one betatron period, and we can see how the betatron motion damps the plasma oscillations. The introduction of emittance projections seriously complicates the theory, but he succeeds in making some asymptotic predictions. It has been pointed out49 that extension of this theory to the next order--a hard job--might justify the smooth approximation and show why the onset of the KV instability continuum is the same for different systems. This theory is formidable. The insights it gives are valuable in themselves; it is too early to know if we will succeed in making useful numbers from it, but it is exciting to try.
Another semiphenomenological model has been proposed at LLL'0 for emittance growth in intense beams launched near self-pinch equilibrium or for cold beams launched in near-ballistic condition. Suitably modified for beam transport or accelerator systems, this approach might also be a valuable design tool.
Concl us ion * Useful equations have been developed and specialized to various machines. Clear papers outlining their use are available (esp. 14,15,28). Use them carefully, for they are not the whole answer. Your problem may have different requirements or different constraints. The limits are not very useful in considering beam losses, except in a frame-work of safety factors.
* New options need to be explored that use varying parameters along the channel or "transient" sections.
Integration of the coupled50 envelope and equipartitioning equations, or of the LLL model may prove useful in exploring these cases. The current limits will be a moving target.
* 
